Subsampling is used to process scat collections in diet and pollination studies involving nectarivores, but what constitutes a sufficient sampling effort is undetermined. We analyzed entire scat samples from 3 bat species (Pteropodidae) and recorded all pollen; we then tested various levels of subsampling to determine the most efficient regimes. Secondary subsampling (5 fields of view) was inappropriate for plants with low pollen loads (rare pollen); however, abundant pollen morphospecies were detected reliably with little effort. Similarly, the rarer the pollen, the higher was the chance of missing pollen in primary subsampling. Low subsampling effectiveness occurred for scats with high incidences of singletons (¼ rare pollen); they required the greatest effort to identify ! 80% of pollen morphospecies. Diet homogeneity varied among bat species, and subsample efforts should relate to diet strategy and ecology of target species. We recommend using a standard volume of material per subsample; avoiding secondary subsampling unless screening for abundant pollen morphospecies; analyzing fully 20% of material if 80% of pollen morphospecies need to be detected; and increasing subsampling effort for studies targeting plants with low pollen loads. Subsampling effort needs to match study objectives, or flower species will be greatly underrepresented or missed completely.
The presence of pollen in animal fur or fecal samples indicates flower visits and provides useful ecological information on diet and pollination roles, for example. The analysis of fur and fecal material (scat) for pollen is broadly used and a good substitute for the continuous observation of mammals feeding on flowers (e.g., Morrant and Petit 2012) . Within the first 50 hits of a Google Scholar search using the terms ''pollen analysis and bat diet'' from 1990 to 2013, for instance, we found 15 (30%) peer-reviewed papers using guano and fur swab analyses of pollen on bats from 4 families, 18 genera, and 21 species across 9 countries. For some species it is easy to generate large sample sizes via guano collections at activity hubs such as roosts, camps, and nests, or via trapping. Typically, subsampling is used to process scats, but little detail is available on sampling efforts (e.g., Voight et al. [2009] recommend looking at ''some'' subsamples of a scat to identify pollen; others ''screen'' fecal samples for pollen, e.g., Tschapka [2004] ). Primary subsampling may involve volume (1.5 mm 3 [Peterson et al. 2006 ], 1-4 mm 3 [Pestell and Petit 2007] , 10 mm 3 [Morrant et al. 2010] , and~0.01 ml of ''fecal slurry'' [Law 1992]) or mass (50 mg- Hackett and Goldingay 2001) .
Secondary subsampling also may take place during microscopy, for example, by using fields of view (3 [Howard 1989 ], 4 at 1003 [Hackett and Goldingay 2001] , 5 [Law 1992 ] and at 4003 [Morrant et al. 2010] , or 30 at 1003 [Pestell and Petit 2007] ), slide transects (Faegri and Iversen 1964; Goldingay et al. 1987; Law and Lean 1999) , or coverslip area (2% of coverslip area was used by Fleming and Nicolson [2002] , and Law [1992] generated mean number of pollen grains per field of view then multiplied by number of fields of view in 1 coverslip); others may look at whole samples. The number of grains required for positive detection also may vary: ! 3 grains (Heithaus et al. 1974) , ! 5 grains (Tschapka et al. 2008) , and ! 10 grains (used to filter out pollen unrelated to feedingSoto-Centeno and Kurta 2006). It is unclear how accurately subsampling reflects the samples and affects study outcomes because the choice of the subsampling regime seems arbitrary. It is possible that subsampling regimes underestimate greatly w w w . m a m m a l o g y . o r g the number of flower species represented in the samples, especially species with low pollen production. Whereas guano samples establish ingestion, fur swabs also may indicate plant visits (e.g., Petit 1997; Law 2001; Tschapka 2005; SotoCenteno and Kurta 2006; Tschapka et al. 2008) and are useful for measuring pollen loads for pollination roles (e.g., Law and Lean 1999; Tschapka 2003; Muchhala 2008) . The objective of this study was to determine how fecal subsampling may affect the accuracy of pollen detection in scats and, therefore, our understanding of the diet of 3 species of Fijian flying foxes (Pteropodidae). This study is the 1st step in a greater project identifying the diet of bats in Fiji and the role of bats in rainforest pollination there. We hypothesized that sampling methods could affect the accuracy of our understanding of floral components in the diet of bats.
We analyzed entire guano samples from 3 bat species and recorded all pollen; we then tested various levels of subsampling to determine the most efficient regimes and the implications of different methods. We also compared findings against pollen samples from the fur of the animals. Research questions were: Does area of subsampled material vary among slides, scats, and species, and is area related to pollen detection? How do 5 random fields of view compare to the analysis of an entire slide for detecting pollen with different relative abundances? What subsampling effort is required to detect accurate presence and abundance? For example, what sampling regime is required to detect 80% and 90% of pollen morphospecies within a scat? How are ''rare'' pollen morphospecies distributed among subsamples? How do scat samples compare to fur swabs for detecting pollen?
MATERIALS AND METHODS
Sample collection and preparation.-We collected fecal and fur swab samples from 3 plant-visiting bat species netted in midaltitude tropical rain forest on Vanua Levu, Fiji Islands (Scanlon et al., in press ). Trapping and handling followed guidelines of the American Society of Mammalogists (Sikes et al. 2011) and were approved by the Institute of Medical and Veterinary Science in South Australia (permit 73/08). Bat species were 2 large fruit-and flower-visiting bats, Pteropus tonganus tonganus (adult mass: 420-570 g; widespread in South Pacific) and P. samoensis nawaiensis (300-438 g; Fiji and Samoa, endemic subspecies), and the smaller nectarivorous bat Notopteris macdonaldi (52-89 g; Fiji and VanuatuScanlon et al., in press ). Trapped bats were kept individually in a clean cotton bag for , 2 h (most defecated and were released immediately after processing); guano was stored in vials with 70% ethanol. Apricot juice was fed to animals prior to their release at the capture site. We selected 12 guano samples from our collection for subsampling tests; they comprised 2 samples per season (wet: November-April, and dry: May-October [Fiji Meteorological Service 2012] ) per species, from adult animals. Additional samples (n ¼ 2) from N. macdonaldi were included in some analyses (Table 1) . Before bagging bats, we took a pollen fur swab from each animal with the paper stem of a cotton applicator (Livingstone International, Rosebery, Australia), humidified with distilled water (see Petit 1997) . Swabbing was standardized for all bats by brushing the paper stem from the nostrils up to the ears and from the lower jaw down the central area to the pelvis. Fur swabs were stored in 120-ml plastic vials (Starstedt Australia, Ingle Farm, Australia) overnight, then mounted on glass slides using a small cube of glycerin jelly containing dye (Beattie 1971) . Guano samples were mounted onto glass slides similarly. Using a dissecting microscope, we 1st removed fruit and seed material from Pteropus species' samples. Samples were then mixed thoroughly with a stirring rod to form a consistent paste; excess ethanol was evaporated. We carefully mounted small even portions of the guano paste, measuring approximately 8 mm 3 , onto microscope slides; the entire guano sample was mounted on as many slides as necessary. The amounts of glycerin jelly used and ethanol evaporated were not standardized exactly among samples because the texture and consistency of samples varied greatly; for example, some finetextured scats spread readily, unlike others. However, care was taken to spread each sample consistently within slide boundaries so that the entire sample was analyzed. We hereafter use ''scat'' to refer to a whole guano sample and each ''subsample'' or ''slide'' represents 1 slide. We identify pollen ''morphospecies'' instead of pollen or plant species because some closely related species (e.g., Syzygium species) could only be identified reliably to genus. We built a pollen voucher collection by collecting flowers over 2 years on Waisali land, Vanua Levu.
Sample analysis.-We used a compound microscope to examine all mounted material for pollen grains at 1003 and 4003 magnifications. We recorded presence-absence information as well as an abundance score for each morphospecies. Abundance was classified as none (0-2 grains [e.g., Heithaus et al. 1974] ), rare (3-10), common (11-100), abundant (101-1,000), or very abundant (. 1,000). The respective ordinal scores 0, 1, 2, 3, or 4 were allocated for statistical purposes. We examined all contents of all subsamples that composed the entire scat, generating pollen presence and abundance information to which subsample efforts could be related. Note that ''abundance'' measures are not analogous to relative importance of diet species (i.e., Thomas 1988 ), but may indicate pollen loads of different plants and allowed us to assess detectability of plants with varying levels of pollen production.
Area of mounted material and pollen detection.-Because increasing the amount of material per subsample will increase the survey effort, we compared the area (spread) of guano material among subsamples. We used digital photographs to determine the percentage of each slide covered in material. The digital imaging programs ImageJ (Rasband 2012) and Adobe Photoshop (Adobe Systems 2002) were used to contrast material against the background of no material, expressing percentage of each slide covered in material in pixels. We assessed material area among subsamples using median and range statistics. We tested for differences among bat species in material area per slide with a Kruskal-Wallis test and MannWhitney post hoc comparisons; we used the same analysis to check for differences among scats for each bat species. We used Spearman's rho to determine whether number of pollen morphospecies was related to area of material.
Entire slide versus 5 fields of view.-We compared pollen detection (presence-absence) and abundance scores recorded with 5 random fields of view at 1003 and 4003 magnifications against scores generated from analysis of the entire slide. The location of each field of view on the slide was determined by rolling dice and navigating along parallel transects. Pollen morphospecies were grouped according to their relative abundance, and we determined the detectability of each group via percentage of correct, missed, underestimated, and overestimated scores using the 5 fields of view. We tested for an association between abundance score and detectability (percentage of slides from which pollen was detected correctly) with Spearman's rho. We used the statistical package IBM SPSS Statistics (SPSS, Inc. 2010) for most analyses. We also determined the percentage of slides that detected or missed (presence-absence) all pollen morphospecies, for each abundance group.
Subsampling effort to detect pollen, and species accumulation curves.-We analyzed each slide entirely as a discrete subsample to compare against the entire scat. For each pollen morphospecies, we generated pollen presence and abundance scores from the scats; we used the median score among subsamples to represent the baseline score. Again, observations of different pollen morphospecies were grouped according to their relative abundance (e.g., all observations of ''very abundant'' pollen morphospecies were grouped). We determined the percentage of subsamples that recorded correct, missed, underestimated, or overestimated scores for each abundance group; we tested for an association between pollen abundance and percentage of correct scores using Spearman's rho. We also determined the percentage of subsamples required to detect (presence-absence only) pollen with different abundances.
We generated species (number of pollen morphospecies) accumulation curves and tested subsampling performance using EstimateS 8.2 software (Colwell 2009 ). Smooth accumulation curves were constructed by randomizing the subsample order 50 times and mapping the Sobs Mao Tau output (the number of pollen morphospecies expected in pooled samples) against subsample effort (number of subsamples per slide). We assessed how rapidly curves approached the horizontal asymptote to indicate sampling effectiveness (e.g., when accumulation of number of morphospecies detected approached the horizontal asymptote very rapidly, after 1 or 2 subsamples, for example, very high sampling effectiveness was achieved). We also assessed the subsampling effort required to detect 80% and 90% (as in Thompson et al. 2007 ) of pollen morphospecies for each scat, based on the species accumulation curves. We assessed the mean number of singletons (a pollen morphospecies recorded from 1 subsample only) among the randomized runs for each scat sample; we expected that increasing numbers of singletons would decrease sample effectiveness.
Detecting rare pollen.-We used the standardized Morisita index (Krebs 1999) to check for uniform, random, or clumped distribution of rare pollen among slides (calculated using number of grains per slide, including 1 or 2 grains, which would normally be excluded). To determine whether pollen morphospecies had the same abundance among bat species, and particularly whether rare pollen was always rare, we compared abundance scores for given pollen morphospecies among bat species.
Comparison of guano and fur swabs analysis for detecting pollen.-A fur swab consisted of 1 slide, which was analyzed entirely for comparison against scat samples. First we compared the overall number of pollen morphospecies detected in matched guano and fur samples for each bat using paired ttests. Then we recorded the number of very abundant, abundant, common, and rare pollen (using median subsample scores) that also were detected in fur samples. We used ! 3 grains in the fur sample to represent a positive detection, and we also recorded the number of potential false negatives (pollen morphospecies was detected in guano, but was represented by 2 grains in fur swab).
RESULTS
Subsampling effort.-From 14 scat samples, we analyzed 200 slides microscopically (n ¼ 27 N. macdonaldi, 105 P. samoensis, and 68 P. tonganus). We recorded 7 pollen morphospecies in samples from N. macdonaldi (X 6 SE per bat: 4.5 6 0.62, n ¼ 6 bats), 5 in P. samoensis (3.5 6 0.87, n ¼ 4), and 8 in P. tonganus (5.5 6 1.04, n ¼ 4). Scat size varied among individuals and species; as expected, a smaller scat size was recorded for N. macdonaldi than for larger Pteropus species. The largest scat sample from N. macdonaldi was similar in size (number of subsamples) to the smallest scat from the other bats. The range of number of subsamples per scat was 1-7 for N. macdonaldi, 7-35 for P. samoensis, and 6-34 for P. tonganus (Table 1) . Although we standardized subsample size (~8 mm 3 ), subsamples represented uneven percentages of the scat because scat size varied (e.g., 1 of 7 slides from N. macdonaldi represented 14% of material, whereas 1 of 30 slides from P. samoensis represented 3% of total material).
Area of mounted material and pollen detection.-The area of mounted fecal matter per slide was measured for 185 slides (N. macdonaldi ¼ 26 slides; P. samoensis ¼ 95 slides; P. tonganus ¼ 64 slides). Percentage of material area (median [range]) per slide was: N. macdonaldi ¼ 4.5% (6.2); P. samoensis ¼ 3.6% (5.3); P. tonganus ¼ 5.9% (15.3). Area varied significantly among species (H 2,176 ¼ 60.64, P , 0.001; post hoc tests showed slides from P. tonganus had significantly more material spread than did those from N. macdonaldi and P. samoensis (P ¼ 0.002 and P , 0.001, respectively), and N. macdonaldi and P. samoensis also were different (P , 0.001). Scats from P. tonganus scats were most variable in material area (Table 1) , and a significant difference among scats from P. tonganus was recorded (H 2,58 ¼ 26.97, P , 0.001) as well as for N. macdonaldi (H 3,19 ¼ 6.83, P ¼ 0.03) and P. samoensis (H 3,91 ¼ 10.82, P ¼ 0.013). Only 1 of the 12 scats had a significant positive relationship between slide area and number of pollen morphospecies detected (sample 71NM; Table 1), which is probably related to the high number of rare and singleton pollen morphospecies within this sample (see ''Subsampling effort to detect pollen, and species accumulation curves''). Results from the other scats demonstrated that pollen detection was not compromised at the slide level by significant variations in material area.
Entire slide versus 5 fields of view.-We examined 116 slides entirely and with 5 random fields of view (n ¼ 26 N. macdonaldi, 76 P. samoensis, and 14 P. tonganus). Rare and common pollen groups were missed or underestimated consistently with 5 fields of view, whereas abundant and very abundant pollens were detected reliably (i.e., on 75%, 94%, and 100% of occasions, very abundant pollen was scored correctly with 5 fields of view for P. samoensis, N. macdonaldi, and P. tonganus, respectively ). When we used presence-absence only, similar patterns emerged (as indicated by hatched areas on Figs. 1a-c) . As expected, a strong positive relationship occurred between pollen abundance and its detectability with 5 fields of view (q 11 ¼ 0.94, P , 0.001).
Subsampling effort to detect pollen, and species accumulation curves.-A high percentage of subsamples had a correct score for very abundant, abundant, and common pollen (Figs. 2a-c) . Very abundant pollen was very reliably detected in almost all subsamples, including 100% of subsamples from N. macdonaldi and P. tonganus, and 94% of subsamples from P. samoensis. However, the rarer the pollen, the higher was the chance of an incorrect abundance score (overestimate or underestimate) or of pollen being missed entirely. Rare pollen was missed in 27% of subsamples from N. macdonaldi, 24% of subsamples from P. samoensis, and 34% of subsamples from P. tonganus (Figs. 2a-c) . A significant positive relationship between pollen abundance and the percentage of subsamples having a correct score was demonstrated (q 11 ¼ 0.94, P , 0.001). When detection regardless of abundance was considered, similar patterns emerged (see hatched areas on Figs. 2a-c) .
The pollen morphospecies richness accumulation curves approached the asymptote rapidly for all bat species and in most scats (Figs. 3a-c) . A curve could not be generated for 34PSN because only 1 pollen morphospecies was recorded. All other scats from P. samoensis displayed very similar patterns of pollen accumulation and high sampling effectiveness, as did most scats from N. macdonaldi. Scats from P. tonganus recorded the most variability in sampling effectiveness; subsampling for some scats was highly effective (e.g., 21PT), in others it was ineffective (e.g., 20PT). As expected, samples with curves that approached the asymptote slowly (i.e., 20PT and 71NM) recorded the highest incidences of singletons (Figs. 4a-c) , and required the greatest effort to identify 80% and 90% of pollen morphospecies (Figs. 3a-c) . A single slide (i.e., 20% of material) was sufficient for detecting 80% of pollen in most cases for N. macdonaldi, and 90% of pollen was detected from 1 subsample in half of the scats, whereas 99NM and 71NM required more effort: 3 (60% of material) and 6 (86%) slides to detect 90% of pollen morphospecies. A slightly greater effort was required for samples from P. samoensis; 80% of pollen was detected consistently from 2 slides (i.e., , 10% of material). Pollen detection in samples from P. tonganus was more variable and ranged from 1-10 (17-50%) to 2-17 subsamples (25-85% of material) to detect 80% and 90% of pollen morphospecies, respectively (Figs. 3a-c) . Results indicate that diets of N. macdonaldi and P. samoensis were more uniform than that of P. tonganus during the sampling period, and that subsample efforts should be adapted to diet strategy and ecology of target species.
Detecting rare pollen.-On 36 occasions, pollen morphospecies were excluded altogether because their median slide score was 2 grains. The large bats with large scat sizes had the highest incidences of exclusions (P. tonganus   FIG. 2. -Percentage of correct, missed, underestimated, and overestimated slide scores compared to median sample scores (generated from analysis of all entire scats), for very abundant, abundant, common, and rare pollen from guano samples from a) Notopteris macdonaldi, b) Pteropus samoensis, and c) Pteropus tonganus. Hatching indicates pollen detection regardless of abundance scores (presence-absence).
FIG.
3.-Pollen accumulation curves from 50 randomized slide orders for guano samples from a) Notopteris macdonaldi, b) Pteropus samoensis, and c) Pteropus tonganus. Arrows indicate effort (number of slides) required to detect 80% (lower limit) and 90% (upper limit) of pollen morphospecies in each sample (number of slides is in parentheses after sample label). Single arrows (e.g., 118NM, 120NM, and 10PT) indicate that 80% and 90% limits occurred with the same effort.
¼ 17 occasions and 7 morphospecies; P. samoensis ¼ 14 occasions and 4 morphospecies; and N. macdonaldi ¼ 5 occasions and 2 morphospecies). Of the excluded observations, 28 (77%) were false negatives: they would be included if cumulative counts from all slides were used (and ! 3 grains for detection); 19 (53%) would be included if we used ! 5 grains and 13 (36%) with ! 10 grains. Large scat sizes were more likely to produce false negatives (16 of 17 excluded pollen morphospecies in P. tonganus samples; and 11 of 14 for P. samoensis), whereas slides from N. macdonaldi reflected scat reality more closely (4 of 5 excluded pollen morphospecies were correctly excluded). Rare pollen morphospecies are inherently more difficult to detect in large scat samples because few grains are distributed among greater amounts of material (e.g., 10 grains of 1 pollen morphospecies were distributed among 4 slides from 33PSN, and 26 other slides recorded none). Conversely, some pollen morphospecies classified as rare (3-10 grains, based on median slide scores), were actually common (11-100 grains) or abundant (! 101 grains) using cumulative slide counts ( Table 2 ). The Morisita index of dispersion showed variation in the type of distribution recorded among rare pollen morphospecies in slides. Half of the rare pollen morphospecies had clumped distributions, 36% were uniformly distributed, and 14% were randomly distributed among slides (Table 3) .
Certain pollen morphospecies had similar abundance scores among scats and bat species. Plants that produced copious amounts of pollen (e.g., Freycinetia species) or produced large numbers of brush flowers with abundant pollen (e.g., Syzygium species) were often scored as abundant or very abundant in subsamples (see Table 2 ). Plants that produced relatively small amounts of pollen (e.g., the small parasitic shrub Decaisnina forsteriana) were often scored as rare among scats and bat species. Similar pollen scores for other pollen morphospecies were recorded among bat species (Table 2 ). Frequently recorded rare pollen morphospecies, for example Barringtonia spp., which was recorded in 83% of samples from N. macdonaldi, demonstrate the importance of including ''rare'' pollen plants in diet analyses.
Comparison of guano and fur swabs analyses for detecting pollen.-We made more observations of pollen from scat samples than from fur samples (60 observations versus 12, n ¼ 13 matched samples; Table 1 ). As expected, the mean number of morphospecies detected per method (scat: 4.6 6 0.50; fur swab: 0.9 6 0.29) was significantly different (paired t 13 ¼ 6.35, P , 0.001). Of the 11 rare pollen morphospecies detected in guano samples, just 2 (18%) also were detected on fur swabs (the percentages for very abundant, abundant, and common morphospecies were 57%, 17%, and 12%, respectively). Of the 2 abundant, 3 common, and 3 rare pollen morphospecies detected in scats from P. samoensis, none was detected in fur samples (Fig. 5) . On 2 occasions we recorded pollen morphospecies in fur swabs that were not detected in matched scat samples (71NM and 34PSN) ; the scat from P. samoensis contained the same pollen, but not in sufficient numbers for a positive detection ( 2 grains).
DISCUSSION
Sampling effort will depend on the objectives of the research; here we provide some guidelines for subsampling scats for pollen analysis, and warn that these results do not necessarily apply to all pollen-consuming animals.
1. Creating equal subsamples.-Because of large variations in the type of materials encountered in scats it is difficult to create ''equal'' subsamples in terms of area. We found differences within and among species in area of mounted material, but variations at this scale did not affect pollen detection. 2. Secondary subsampling during microscopy.
-It was better to analyze entirely 1 subsample than to use secondary subsampling (5 fields of view) during microscopy. Rapid assessments using secondary techniques can be very effective for detecting plants with abundant pollen; however, ''common'' or ''rare'' pollen is often underrepresented or missed with these methods. 3. Subsampling effort.-Subsample effort will vary with number and size of scats, as well as with study objectives. The effort required to detect 80% and 90% of pollen morphospecies in a sample varied among species and individuals of some species. With relatively small scat size and habitual use of forests (A. Scanlon and S. Petit, pers. obs.), scats from N. macdonaldi required less sampling effort than did scats from P. tonganus, which were larger and more variable. Thus the species' ecology will influence the choice of subsampling methods. For our samples, full analysis of 20% of material was sufficient to capture 80% of pollen morphospecies in most cases. 4. Detecting rare pollen.-Precluding pollen morphospecies based on rarity (i.e., 2 grains ¼ absent) from a subsample may be inappropriate; overall, only 23% of excluded observations were appropriate, and these were biased toward N. macdonaldi (80% appropriate; P. samoensis ¼ 21%; P. tonganus ¼ 6%). Ideally, additional subsamples should be examined to test this assumption, or the likelihood of it being a contaminating species should be investigated. Rare pollen is likely to be very widely underrepresented in scat studies, and some may represent important dietary plants. It is difficult to predict the distribution of rare pollen among subsamples because it may be random, uniform, or clumped, and efforts to accommodate rare pollen need to be balanced against rewards of conducting extra analyses. Increased sampling effort is required for studies targeting plant species with low pollen loads. 5. Fur swabs.-Fur swabs from captured animals are often incorporated into dietary studies. Usually pollen grains from fur swabs are intact and easier to identify than those from scats, which may be distorted from digestion and mixed among other materials. We found guano samples were far more rewarding than fur swabs for pollen detection.
Subsampling effort needs to match study objectives, or flower species will be greatly underrepresented or missed completely. Plants with low pollen production are particularly susceptible to neglect from undersampling or inadequate secondary subsampling regimes. In our study of the diet of Fijian flying foxes, the use of inappropriate subsampling methods could greatly underestimate the number of bat-plant interactions in the rain forest, and the role of bats in the health of the ecosystem. Using appropriate methods highlights that the bats species have different diets and gives insight into their resource overlap and ecology.
